Anthropogenic noise presents a problem for acoustic communication in animal taxa around the world. Many animals respond by modifying their acoustic signals, sometimes along multiple axes, such as song structure, redundancy, or amplitude. To date, no study has assayed the relative response of animals to multiple axes of signal variation, such as song structure and song amplitude, associated with anthropogenic noise levels. To investigate the impact of multiple potential adaptations to anthropogenic noise on targeted receivers, we manipulated song amplitude and song minimum frequency of white-crowned sparrow (Zonotrichia leucophrys) songs. We used a 2 × 2 factorial design of playback experiments to measure male territorial responses to songs that were relatively quiet or loud in relation to typical Z. leucophrys songs and with lower or higher minimum frequencies within the range of natural Z. leucophrys songs. Males responded more strongly to louder songs than to quieter songs and more strongly to lower than to higher minimum frequency songs, with the strongest responses to louder songs with relatively lower minimum frequencies. These results indicate that whether or not increasing amplitude or increasing minimum frequency is more effective at increasing signal transmission distance in anthropogenic noise, increases in signal amplitude increase signal salience in male-male interactions. Thus in the context of territoriality and sexual selection, an increase in song amplitude can compensate for losses in signal salience due to higher minimum frequency. An increase in only song minimum frequency in the context of low frequency anthropogenic noise could be maladaptive.
INTRODUCTION
Animals that use long-range acoustic signals for territory defense, mate attraction, and species recognition contend with background noise that might mask or diminish signal transmission (Bradbury and Vehrencamp 2011) . Background noise is a part of all environments, but recent attention has focused on anthropogenic noise because it poses a serious obstacle for many species that communicate acoustically (Barber et al. 2010; Shannon et al. 2016) . Anthropogenic noise occupies relatively low frequency ranges 0-2 kHz, which overlaps the frequency bands in which communication takes place for many animals, affecting the perception of those signals by receivers (i.e., masking, Shannon et al. 2016 ). In addition, the effect of anthropogenic noise on communication is only increasing over evolutionary time and geographic space, as urbanized areas expand (Luther and Derryberry 2012; Barber et al. 2010) . Thus, understanding the impact of anthropogenic noise on animal communication is a pressing concern in the field of animal behavior.
Animals can employ a number of strategies to minimize the effect of anthropogenic noise on communication. Well-studied strategies include altering the timing of the signal or the spectral structure to reduce signal masking from background noise (Brumm and Slabbekoorn 2005; Patricelli and Blickley 2006; Luther and Gentry 2013) . Although not all taxa change their song in the presence of anthropogenic noise , many taxa increase the minimum frequency of their communication signals in the presence of low frequency, high amplitude ambient noise (see Shannon et al. 2016 ). Another strategy is to increase the signal to noise ratio by producing higher amplitude signals in the presence of high amplitude ambient noise (Brumm 2004; Lowry et al. 2012) . Increased signal amplitude has received relatively less attention than the behavioral strategy of modifying signal structure (Brumm and Slabbekoorn 2005; Brumm 2004; Brumm and Slater 2006; Brumm and Zollinger 2011; Luther and Gentry 2013) , yet recent studies suggest that an increase in signal amplitude is more effective at maximizing transmission distance (Nemeth et al. 2013; Zollinger et al. 2012) . A current debate is whether the wide-spread increase in signal minimum frequency seen in taxa in urbanized areas is a direct adaptation to urban noise or an indirect result of a linkage between song amplitude and song minimum frequency (Nemeth et al. 2013; Zollinger et al. 2012) . Whether the modified signal is a result of an increase in amplitude or an increase in minimum frequency to avoid masking by low frequency noise, or both, an important empirical question is whether receivers perceive and respond differently to the modified signals.
To date, only a handful of experimental studies have investigated how receivers respond to signals modified in response to anthropogenic noise (Brumm 2004; Luther and Derryberry 2012; Luther et al. 2015; Mockford and Marshall 2009; Halfwerk et al. 2011; Luther and Magnotti 2014) . Higher minimum frequencies and greater amplitudes in the presence of low frequency anthropogenic noise should increase signal detection and discrimination. If variation in minimum frequency and amplitude is selectively neutral, then individuals should respond equally to signals of high and low amplitude and high and low minimum frequency in areas with low noise levels; but in areas with high noise levels, individuals should be better able to detect and therefore respond more strongly to signals of high amplitude and high minimum frequency. However, the sexual selection literature suggests that variation in signal frequency and amplitude is not selectively neutral. Instead, females choosing mates and males assessing competitors may respond more strongly to communication signals that contain lower frequencies and greater bandwidth, as these signals may indicate better quality signalers (Luther et al. 2015; Halfwerk et al. 2011) .
Song amplitude may also be under sexual selection. Both males and females respond more strongly to relatively louder signals (Brenowitz 1989; Brumm and Ritschard 2011; Ritschard et al. 2010; Searcy 1996) , although very low amplitude signals (i.e., "soft songs" in birds) are known to elicit the same level of response as typical amplitude signals in contest situations (Anderson et al. 2007 ). In addition, on a proximate level, higher song amplitude should act as a stronger stimulus and lead to a stronger response regardless of ultimate functions. Thus, in areas with high anthropogenic noise levels, receivers may be better able to detect high minimum frequency signals despite responding more strongly to signals with lower minimum frequencies when they are audible (Slabbekoorn and den Boer-Visser 2006) . Conversely, receivers may be better able to detect and respond more strongly to higher amplitude signals. Thus, increased amplitude may compensate for an increase in song minimum frequency, but this hypothesis has not been tested.
In this study, we test the hypothesis that signal modifications, such as altered minimum frequencies and song amplitudes, associated with urban soundscapes affect receiver response in the context of communication, using an urban population of whitecrowned sparrows (Zonotrichia leucophrys nuttalli) in San Francisco, CA. We predict that males will respond more strongly to higher amplitude songs, as intruders with higher amplitude signals may pose a stronger threat to accession of a territory. Similarly, we predict that males will respond more strongly to songs with lower minimum frequencies than to songs with higher minimum frequencies. Thus, louder songs with lower minimum frequencies should receive the strongest responses whereas quieter songs with higher minimum frequencies should receive the weakest responses. We assessed whether an increase in song amplitude can "recover" any reduced response to songs shifted up in minimum frequency, predicting that response to high amplitude, high minimum frequency songs will be greater than response to low amplitude, high minimum frequency songs. We also predicted that differential response to high and low song amplitude as well as higher or lower minimum frequency will increase with territorial ambient noise levels, because softer songs with lower minimum frequencies may be more difficult to perceive on territories with higher ambient noise levels.
METHODS

Study system
The Nuttall's White-crowned Sparrow (NWCSP) is a year-round resident in coastal central California. NWCSP has a long history of research on their behavior, especially acoustic communication (Luther and Derryberry 2012) . They are easily observed and vocally active. NWCSP also inhabits a variety of urban and park locations within San Francisco, CA (Baptista 1975) . We conducted our research in local parks within San Francisco, including Lake Merced, Lands End, and The Presidio of San Francisco National Park. These parks are all in an urban setting with ample anthropogenic noise from vehicles and other urban sources but each park has natural chaparral or willow vegetation in which the NWCSP defend territories and nests. Previous studies indicate that anthropogenic noise at these sites affects NWCSP singing behavior (Luther and Baptista 2010; Luther and Derryberry 2012; Luther et al. 2015; Derryberry et al. 2016 ).
Territorial playback experiments
To test relative response to variation in song amplitude and in song minimum frequency, we used a 2 × 2 factorial design, with 4 stimulus types: 1) relatively loud songs with the lowest 500 Hz of the song intact, 2) relatively loud songs with the lowest 500 Hz of the song removed, 3) relatively quiet songs with the lowest 500 Hz of the song intact, and 4) relatively quiet songs with the lowest 500 Hz of the song removed. We created stimuli from songs recorded from territorial males in the breeding season of 2014 in San Francisco with a Marantz PMD 660 and a Sennheiser ME 66 shotgun microphone. The sampling rate was 22 050 Hz. Songs were randomly selected from 20 different males from the local population to create exemplars. To manipulate minimum frequency, we used a bandpass filter in Raven v1.4 (Charif et al. 2004 ). The bandpass filter used a Kaiser filter type and did not remove all frequencies outside of the specified frequency range; instead, frequencies were filtered to a specified stop band attenuation. The discrete Fourier transformation size was set to 1024 with samples with grid spacing of 21.5 ms. Window overlap was 50% and Hop size was 340 samples. The window size was 680 samples per a 3 dB filter bandwidth at 46.6 Hz. We filtered 500 Hz from the lowest frequencies of the song because previous research found that NWCSP songs have increased on average by 500 Hz in minimum frequency over time in San Francisco (Luther and Baptista 2010; Luther and Derryberry 2012) . To create relatively loud versus quiet stimuli, we calibrated playback of songs using a Model 831 Larson Davis 6000 (Class 1) sound level meter, with a ½ inch pre-polarized omnidirectional microphone and calibrated pre-amplifier and an Altec Lansing inMotion amplified speaker. We used amplitudes of 75 dBA and 85 dBA at 1 m as our relatively quiet and loud songs, respectively, because 81 dB is the typical amplitude used for territorial playback with songbirds (McGregor et al. 1992) . The measurement settings are the same as in the section on noise measurements. Amplitude of spontaneous songs in the urban population of NWCSP range from 78 dB to 86 dB (Derryberry, unpublished data) and amplitude of experimental songs were 75 dB and 85 dB, thus very similar to the natural range of variation for spontaneous songs. In addition, song minimum frequencies in this population range from 2100-3000 Hz Derryberry 2012) and experimental song minimum frequencies ranged from 2400-2900 Hz also within the natural range of variation for spontaneous songs.
We presented each of the 4 treatments to each of 20 different territorial NWCSP males. Focal males never received exemplars made from songs of territorial neighbors. All males were tested between 0600 AM and 1100 AM on mornings with no rain and no high wind and on both weekday and weekend days. Focal males were males spontaneously singing on their territory just prior to playback. Males were between 2 m and 3 m from the speaker when playbacks began. All males approached the speaker within the first 2 songs of playback and so were able to discern relative song amplitude during the playback treatment. All 4 treatments were played in the same location near the center of a male's territory with an Altec Lansing inMotion amplified speaker with an iPod set on shuffle at a rate of 6 songs per min. Prior to playback experiments, males were mist netted and individually banded. Using observational territory mapping protocols, we marked territory boundaries and the center of each territory. One of 3 wooden NWCSP mounts was randomly selected and placed adjacent to the speaker on a perch approximately 1 m above the ground to help birds localize the playback treatments. This ensured we tested response to differences in song amplitude, not to differences in a simulated intruder's distance from the center of the territory. Once the speaker was in place and the male NWCSP had been located and silent for 1 min, one of the 4 treatments was selected at random and played with 1 min of silence followed by song for 2 min. Behavioral observation lasted for 10 min after the song played. Treatments were all presented to the same male in the same morning and were separated by at least 20 min, but up to 2 h to minimize habituation (Danner et al. 2011 ). All 4 treatments took place on the same day to control for breeding condition between trials and to increase the chance of ambient noise being similar at the time of each trial. We did not test territorial neighbors on the same day. For each individual there were similar sound pressure levels, a difference of less than 1 dB, for all 4 trials as measured at the time of the playback.
In general, strong responses to playbacks in NWCSP result in a short latency of song and movement toward the speaker, as well as many flights past the speaker and a large amount of singing. We recorded 1) closest distance of the subject to the speaker (in m), 2) time from the start of playback to the subject's first song (latency of song in min), 3) number of songs sung by the subject, 4) number of flights by the subject within 1 m of the speaker, 5) the number of wing waves, and 6) latency of movement. Stronger responses were indicated by low values for measures 1, 2, and 6 and high values for Measures 3 through 5.
Ambient noise level measurements
We measured ambient noise levels during each playback trial using a RadioShack Realistic model 2055 digital sound level meter, A-weighted, fast response. Measurements were taken for 1 min in each of the 4 cardinal directions and then averaged (following Brumm 2004) . Readings that were the result of wind or abrupt noises were excluded. All amplitudes are given as sound pressure level (SPL) in decibels (dB), and the unit "dB SPL" refers to the standard reference of dB referenced 20 µPa measured at 1 m (roughly the threshold of human hearing at 1000 Hz) (Fay 1988) , with A weighting.
Statistical analyses
A Bartlett's Test of Sphericity determined that a principal components analysis (PCA) was appropriate for our experimental data (χ 2 = 67.5, DF = 15.4, P < 0.0001), thus we conducted a PCA on the response variables. Two principal components (PC) had eigenvalues greater than 1 (Table 1) , which explained 56% of the variation among responses. PC1, eigenvalue of 2.05, loaded positively with time until the first song, the first movement toward the speaker, and the closest distance to the speaker and loaded negatively with the number of songs, and number of flyovers. PC2, eigenvalue of 1.09, loaded positively with the number of wing waves.
We ran a series of linear mixed effect models with response PC1 and response PC2 as the dependent variables. Fixed effects examined included song amplitude treatment, song bandwidth treatment, and territory ambient noise levels. We also examined an interaction between the 2 song treatments, and additive models between song treatment and ambient noise levels. Random effects examined included focal individual and playback order. Playback order as a random effect did not produce a substantial change in model weights or rankings (see Methods below), which was verified with ANOVA and was excluded for PC1 (F 3,72 =0.56, P = 0.64) and PC2 (F 3,72 = 0.82, P = 0.49).
We ranked models using Akaike Information Criterion corrected for sample size (AICc), and examined the models that comprised 95% of the cumulative weight. We report model weights, evidence ratios (ERs), relative variable importance and modelaveraged parameter estimates (β) with unconditional standard errors. Statistical analyses were conducted using the AICcmodavg (Mazerolle 2015) and nlme (Pinheiro et al. 2015) packages in R 3.2.4 (R Core Team 2016). Eight data points were identified as outliers in the dataset and were removed.
RESULTS
Territorial males responded to all 4 song treatments and gave different levels of response to each treatment. For response PC1, the top model was the song amplitude treatment (AICc = 211.03, weight = 0.36, ER > 3.0 × 10 8 ; Table 2 ). Three additional models were within 95% cumulative weight (Table 2) , which included the additional terms of song frequency treatment and ambient noise level. We averaged these top models and report how response PC1 varied with the included parameters (Table 3) . Song treatments used to simulate intruders on focal male territories were more informative in explaining males' behaviors (response PC1) than were their territories' ambient noise level, despite a range of ambient noise from 40 dB to 64 dB on the different territories. In comparing the 2 song treatments, the amplitude treatment was more informative than was the frequency treatment. Males were more different in their response to changes in song amplitude than to changes in song frequency (Figure 1 ). Males responded less strongly to relatively quiet songs compared to relatively louder songs (β = 1.68 ± 0.21 SE). Males responded less strongly to songs with an upshifted minimum frequency than to songs with a typical minimum frequency (β = 0.15 ± 0.21 SE). As territory noise level increased, males tended to respond less strongly (β = 0.01 unit/dB ± 0.02 SE). For response PC2, the top model was again song amplitude treatment (AICc = 30.09, weight = 0.48, ER > 5.1 × 10 6 ; Table 4 ). Three additional models were within 95% cumulative weight (Table 4) , which included the additional terms of song frequency treatment and ambient noise level. We averaged these top models and report how response PC2 varied with the included parameters (Table 5 ). Song amplitude treatment was more informative in explaining response PC2 than were ambient noise level or the song frequency treatment. Males responded more stronglygave more wing waves-to quiet songs compared to louder songs (β = 0.4 ± 0.06 SE; Figure 2) . As territory noise level increased, males tended to respond more strongly, although the change in response per increase in ambient noise level was very slight (β = −0.003 unit/dB ± 0.006 SE). Males did not differ in their PC2 responses to upshifted songs compared to normal frequency songs (β = 0.002 ± 0.03 SE; Figure 2) .
DISCUSSION
Despite over a decade's worth of scientific attention to changes in the acoustic signals of animals in the presence of anthropogenic noise, no study has assayed relative response to multiple axes of signal variation associated with noise levels to the best of our knowledge. Here, we provide the first evidence that evaluates responses to 2 commonly observed changes in communication signals in the context of urban noise-increases in signal amplitude and in signal minimum frequency. We found that territorial males responded more strongly to relatively loud songs than to relatively quieter songs. Although there was a tendency for males to give different responses to relatively high and low minimum frequency songs, changes in minimum frequency appear to have less of an effect on male response than changes in song amplitude. Our study indicates different consequences for different types of vocal adjustment to anthropogenic noise.
During playback of relatively louder songs, stronger responses of territorial male NWCSPs included faster responses in movement and song, and increased number of songs sung and the number of flyovers. Territorial males responded to all song treatments, indicating that males detected all songs. Furthermore, differences in response to the different amplitude treatments are not due to differences in perceived distance of the simulated intruder, as a mount was used to facilitate the focal male determining the distance to his simulated rival and assessing the source level of their song as suggested by Brumm and Ritschard (2011) .
The different strength of responses to each treatment also indicate the males could discriminate between the different amplitude treatments. In fact, if territories had ambient noise levels less than 48 dBA one would not predict differential masking of the songs (given amplitudes used here) until approximately 10-m distance from the speaker, well beyond the starting distance of the birds tested in this study. At our loudest territories around 60 dBA, one could observe differential masking at the 2-m range, which was the distance of some birds in this study. Thus, differential masking could explain some of our results for males with territories with relatively high levels of ambient noise, but not for males with comparatively quieter territories.
We also observed that as ambient noise levels increased, the strength of wing waves diminished, which could reflect lower responses to songs that are less easily detected (i.e., are more masked). Alternatively, wing waving is a signal that usually indicates physical attack, particularly in close up encounters (Anderson et al. 2013) . Soft songs probably indicate a willingness for combat as they are a reliable signal of aggressive intent (Searcy et al. 2006) . Future work on this system should investigate the differences in response to "loud" and "soft" songs and the associated strength of response.
Relatively louder songs likely increase stimulation of the receiver's sensory system (Bradbury and Vehrencamp 2011) , which can result in stronger responses, yet selection should act on males to modulate territorial behavior depending on the level of threat posed by the rival (de Kort et al. 2009 ). We observed a greater response to relatively loud songs suggesting that territorial males perceive other males with relatively louder songs as a greater threat than those with relatively quieter songs. Relatively louder singers might be more aggressive or motived to fight, as amplitude has been shown to increase with increases in counter-singing ). In addition, males might respond more strongly to relatively louder songs to prevent being cuckolded, as female birds have been shown to prefer males that produce relatively louder songs compared to relatively quieter songs (Searcy 1996; Ritschard et al. 2010) . In either case, male NWCSP response to simulated intruders suggests that males producing relatively louder songs are perceived as a greater threat.
The adjustment in the strength of response of territorial males based on song amplitude has consequences for males that might intrude, such as floater males or neighbors. Territorial defense behavior thus acts as a constraint on the performance of song amplitude. Males producing relatively louder songs are more likely to experience higher social aggression, and not all males may be able to bear this cost (Zollinger and Brumm 2015) . Thus, male-male competition may maintain variation in song amplitude in this population. In fact, we have preliminary data from spontaneous songs in the urban NWCSP population that indicate a range from 78 dB to 86 dB of song amplitude at 1 m (Derryberry, unpublished data) . Further, because discrimination between relatively loud and quiet songs does not vary substantially with territory noise levels, at least at relatively close distances to the song such as 2-3 m, this cost is likely evenly distributed in the population.
Although response to differences in song minimum frequency were less than to differences in song amplitude, our findings are consistent with the general finding that receivers respond more strongly to vocalizations with lower minimum frequencies (Halfwerk et al. 2011; Luther et al. 2015; Mockford 2009 ). However, our findings appear to contrast with our own previous territorial playback experiments with NWCSP in this population, which found that males respond more strongly to current than to historical songs. Current songs are approximately 500 Hz higher in minimum frequency than are historical songs (Luther and Derryberry 2012) . A follow up study found that males respond more strongly to typical current songs than to current songs that have been filtered to remove the lowest 500 Hz (same protocol used in this study), in which both songs were broadcast at 81 dB (Luther et al. 2015) . Together, our previous playbacks indicate that males respond most strongly to the typical minimum frequency in the current population, and response weakens to songs higher or lower in minimum frequency, at least for relatively loud songs. We did not find as strong of a difference in response to shifts in minimum frequency for relatively quiet songs. This difference in discrimination between relatively loud and quiet songs could be because males may be better able to perceive a 500 Hz difference in song minimum frequency for relatively louder songs. Although variation in song minimum frequency may have consequences for signalers, male-male competition may not place a strong constraint on the performance of song minimum frequency as on song amplitude. Alternatively, female choice could be driving signal modifications at noisier sites as has been found in other systems (Danner et al. 2011; Derryberry 2007) , and future studies should focus on female responses to signal modification in the presence of background noise.
We found weak support for our prediction that response to variation in song amplitude and song minimum frequency would vary with ambient noise levels. Previous work suggests that louder songs or songs with higher minimum frequencies are more salient in situations with louder ambient noise but less so with lower ambient noise (Luther and Magnotti 2014) , or when increased bandwidth or vocal performance is more salient and an important cue for individual quality (Luther et al. 2015) . However, despite a range of ambient noise on focal territories, 40-64 dB SPL, we did not find a relationship between variation in the strength of receiver response and ambient noise levels. There are several potential explanations for why our results did not match our predictions. Our relatively quiet and loud stimuli might have both been loud enough to Figure 1 Mean and standard error of the strength of response by territorial males to 4 treatments of songs adjusted for anthropogenic noise, loud low minimum frequency, loud high minimum frequency, quiet low minimum frequency, and quiet high minimum frequency. Lower value of PC1 equals a stronger response in terms of song and movement latency as well as distance from the speaker, and number of songs and flights past the speaker. discriminate from ambient noise levels (e.g., song treatments may not have varied significantly in signal to noise ratios across territories). This could have been due to use of an insufficient range of song amplitude levels or due to an insufficient range of ambient noise levels on the various territories. We did not use songs of an even lower sound pressure level, as we may have crossed into a different category of song, known as "soft songs". Most soft songs, at least in sparrows, are thought to occur in the range of 55-77 dB SPL and may have a different function from broadcast songs (Anderson et al. 2007 (Anderson et al. , 2008 . Our range of ambient noise levels on territories was narrower than that of previous studies that found an effect of noise level on behavioral response (Luther and Magnotti 2014) . It is possible that on even louder territories, a difference in response to relatively loud and quiet songs may be greater. However, across the ambient noise levels typical of most territories in our study population, we find that ambient noise level does not have a strong effect on territorial behavioral response. On one hand, this suggests that ambient noise levels may not affect territorial defense behaviors. In other words, territorial response to song amplitude is relatively consistent across the urban soundscape. However, this suggests that if males on louder territories are producing relatively louder songs, as has been found in other species (Brumm 2004; Brumm and Ritschard 2011) , then those males may bear an increased cost of social aggression, especially if their performance of song amplitude is not consistent with their motivation or competitive ability. In addition, singing a relatively louder song could increase predation risk as predators might more easily detect louder individuals. More work is needed to ascertain how song amplitude varies among individual males and across the soundscape in this species in order to understand fully the implications for male-male competition. This paper takes a first step toward investigating multiple types of signal adjustments and the subsequent responses. However, to properly assess the necessary trade-offs of signal adjustment and receiver response, all potential adjustments should be investigated. For example, future studies should test song rate, which could also have an impact on territorial responses. In addition, future studies should assess temporal adjustments to signaling, such as singing earlier or later in the morning, in the presence of ambient noise. These factors could be additional important aspects of signal adjustment and lead to adjustments in receiver responses. Once all possible adjustments and relative strengths of receiver responses have been assessed, we will have a more complete picture of potential fitness costs associated with signaling in the presence of anthropogenic noise. Mean and standard error of the strength of response by territorial males to 4 treatments of songs adjusted for anthropogenic noise, loud low minimum frequency, loud high minimum frequency, quiet low minimum frequency, and quiet high minimum frequency. Higher value of PC2 equals a stronger response in terms of wing waves.
